PIWI proteomics identifies Atari and Pasilla as piRNA biogenesis factors in Aedes mosquitoes by Joosten, J. et al.






The following full text is a publisher's version.
 
 





Please be advised that this information was generated on 2021-11-02 and may be subject to
change.
Resource
PIWI proteomics identifies Atari and Pasilla as piRNA
biogenesis factors in Aedes mosquitoes
Graphical abstract
Highlights
d Interactome analysis maps proteins associated with somatic
PIWI proteins in Aedes
d Individual PIWI proteins associate with highly specific sets of
interactors
d A cytosolic variant of the splicing factor Pasilla is required for
piRNA biogenesis
d The Tudor protein Atari-PB serves as a scaffold for piRNA
ping-pong amplification
Authors
Joep Joosten, Ezgi Tasxköpr€u,
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As in most arthropods, the PIWI-interacting RNA (piRNA) pathway in the vector mosquito Aedes aegypti is
active in diverse biological processes in both soma and germline. To gain insights into piRNA biogenesis
and effector complexes, we mapped the interactomes of the somatic PIWI proteins Ago3, Piwi4, Piwi5,
and Piwi6 and identify numerous specific interactors as well as cofactors associated with multiple PIWI pro-
teins. We describe the Piwi5 interactor AAEL014965, the direct ortholog of the Drosophila splicing factor pa-
silla. We find that Ae. aegypti Pasilla encodes a nuclear isoform and a cytoplasmic isoform, the latter of which
is required for efficient piRNA production. In addition, we characterize a splice variant of the Tudor protein
AAEL008101/Atari that associates with Ago3 and forms a scaffold for PIWI proteins and target RNAs to pro-
mote ping-pong amplification of piRNAs. Our study provides a useful resource for follow-up studies of so-
matic piRNA biogenesis, mechanism, and function in Aedes mosquitoes.
INTRODUCTION
In most animal germlines, the PIWI-interacting (pi)RNA pathway
represses the activity of selfish genetic elements called transpo-
sons (Brennecke et al., 2007). Accordingly, ablation of piRNA
pathway components in Drosophila results in detrimental trans-
poson insertions into the germline genome, leading to female
sterility (Klattenhoff et al., 2007; Czech et al., 2013; Muerdter
et al., 2013; Handler et al., 2013).
In the Drosophila germline, genomically encoded piRNAs
associate with the PIWI protein Aubergine (Aub) to guide cleav-
age of transposon mRNAs in the ping-pong amplification loop,
triggering the production of Ago3-bound responder piRNAs (Gu-
nawardane et al., 2007). While slicing in the ping-pong loop gen-
erates piRNA 50 ends, their 30 ends are generally generated by
downstream endonucleolytic cleavage by Zucchini (Zuc) or
another piRNA-loaded PIWI protein (Hayashi et al., 2016). Such
cleavage events generate pre-piRNAs that may be trimmed by
Nibbler (Nbr) to produce mature piRNAs (Hayashi et al., 2016).
In addition, ping-pong amplification triggers phased piRNA pro-
duction, which gives rise to trailer piRNAs that are mainly bound
to Piwi (Mohn et al., 2015; Han et al., 2015). While Aub and Ago3
act post-transcriptionally by slicing transposon RNAs in the
cytoplasm, Piwi recruits a nuclear effector complex to induce
transcriptional silencing (Le Thomas et al., 2013; Batki et al.,
2019; Fabry et al., 2019; Murano et al., 2019; Zhao et al., 2019;
Yu et al., 2015; Sienski et al., 2015; Dönertas et al., 2013; Ohtani
et al., 2013).
It has recently become clear that piRNAs are also expressed in
non-germline tissues in most arthropods (Lewis et al., 2018). For
example, the vector mosquito Aedes aegypti expresses an
expanded PIWI protein repertoire of seven members, several
of which are expressed in somatic tissues, suggesting that the
pathway has additional functions besides transposon silencing
(Miesen et al., 2016; Campbell et al., 2008; Lewis et al., 2016).
Indeed, the Aedes piRNA pathway has been implicated in non-
canonical processes, such as antiviral defense (Morazzani
et al., 2012; Miesen et al., 2015; Vodovar et al., 2012; Schnettler
et al., 2013), endogenous viral element (EVE)-mediated immune
memory (Tassetto et al., 2019; Suzuki et al., 2020; Crava et al.,
2021), mRNA elimination during embryonic development (Hal-
bach et al., 2020; Betting et al., 2020), and gene regulation (Gir-
ardi et al., 2017; Arensburger et al., 2011).
Functional diversification of the piRNA pathway may require
PIWI proteins to engage in different protein complexes for
biogenesis and effector functions (Lewis et al., 2016). Our previ-
ous work has uncovered a complex of the PIWI proteins Ago3
and Piwi5 along with the DEAD box helicase Vasa and the Tudor
proteins Veneno and Yb that is required for efficient ping-pong
amplification in Ae. aegypti (Joosten et al., 2019; Miesen et al.,
2015). Moreover, we found that piRNA production through
ping-pong amplification depends on the combined activities of
the nucleases Zuc and Nbr (Joosten et al., 2020).
To obtain a comprehensive view on the PIWI interactome, we
here used quantitative mass spectrometry (MS) to identify inter-
action partners of the somatic PIWI proteins Ago3, Piwi4, Piwi5,
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and Piwi6. Our data reveal that, while many interaction partners
are shared between multiple PIWI proteins, individual PIWI pro-
teins also interact with highly specific sets of cofactors. We char-
acterized the functions of the Piwi5 interactor Pasilla (Ps) and the
Ago3 interactor AAEL008101-PB. As AAEL008101-PB was
found to form a scaffold for ping-pong amplification, we named
the gene Atari, after the developer of the arcade game Pong. Our
study provides a resource for studying piRNA biogenesis and
piRNA-guided effector complexes in Aedes mosquitoes.
RESULTS
Ae. aegypti PIWI proteins associate with highly specific
sets of interactors
Drosophila is an unusual case among insects, given that expres-
sion of piRNAs and PIWI proteins is restricted to germline tissues
of this species. In contrast, inmost insects, includingAe. aegypti,
the piRNA pathway is also active in somatic tissues (Lewis et al.,
2018; Miesen et al., 2016). To characterize somatic piRNA
biogenesis and effector complexes in Ae. aegypti, we used
immunoprecipitation (IP) followed byMS (IP/MS) to identify inter-
action partners of somatic PIWI proteins (Ago3, Piwi4, Piwi5, and
Piwi6) (Akbari et al., 2013). To this end, we generated Aag2 cells
stably expressing GFP-tagged PIWI proteins fused to a puromy-
cin-resistance gene through the 2A self-cleaving peptide from
foot-and-mouth disease virus (2A) (Figure 1A). The abundance
of GFP-tagged PIWI proteins was similar to that of their endog-
enous counterparts (Figure S1A), minimizing the risk of identi-
fying non-native interactors due to transgene expression at
non-physiological levels. To evaluate whether acute viral infec-
tion affects the configuration of PIWI-protein-associated com-
plexes, we compared Sindbis virus (SINV)-infected cells with
mock-infected cells and found that SINV infection did not affect
GFP-PIWI protein IP efficiency (Figure S1B).
TaggedPIWIproteinsand their interactorswere immunoprecip-
itated, subjected to on-bead digestion, and analyzed using liquid
chromatography-MS (Figure 1A). Applying a log2 fold change (FC)
threshold of 5.7 (52-fold enrichment), we identified numerous in-
teractors of Ago3, Piwi4, Piwi5, and Piwi6, both in mock- and
SINV-infected cells (Figures 1B and S2A). SINV infection did not
induce strong alterations in the PIWI protein interactomes (Fig-
ure S2B), suggesting that no specific proteins are recruited for
processing of viral RNA. Several orthologs of known piRNA
biogenesis factors in Drosophila were among the most highly en-
riched interactors (red symbols in Figures 1B and S2A), validating
our approach to identify relevant PIWI protein interactors.
Hierarchical clustering of significantly enriched proteins identi-
fied highly specific sets of interactors associated with individual
PIWI proteins (groups I, II, V, andVI) aswell as a largegroupof pro-
teins that interacted with multiple PIWI proteins (groups III and IV)
(Figure 1C). Interaction partners that are shared between Piwi4,
Piwi5, andPiwi6 (group IV) includedorthologsof the knownpiRNA
biogenesis factors Yb (Saito et al., 2010), vreteno (vret) (Zamparini
et al., 2011), Tejas (tej) (Patil and Kai, 2010), and minotaur (mino)
(Vagin et al., 2013). Additionally, in line with findings in Drosophila
(Sato et al., 2015; Webster et al., 2015), three proteins annotated
as potential orthologs ofDrosophila krimper (krimp) in VectorBase
(AAEL008101/Atari, AAEL009987, and AAEL023919) were
stronglyenriched inAgo3 IP.Weweresurprised tofindenrichment
of Piwi3 in Piwi4 IP samples. However, this was only supported by
threePiwi3-specificpeptides, in agreementwith thepreviously re-
ported low Piwi3 expression in Aag2 cells (Vodovar et al., 2012).
As many Ae. aegypti genes lack Gene Ontology (GO) term
annotation, we evaluated the annotation of their Drosophila or-
thologs instead. We identified numerous PIWI protein interactors
with putative nuclear localization, in line with the presence of
Piwi4, Piwi5, and Piwi6 in the nucleus (Figure S1C). These data
suggest that Ae. aegypti PIWI proteins may recruit nuclear
effector complexes to silence their targets. Although Ago3 is
purely cytoplasmic (Figure S1C), several proteins annotated as
nuclear in Drosophila were found in Ago3 IP, suggesting they
might have a cytoplasmic localization in Aedes.
A functional knockdown (KD) screen identifies hitherto
unknown piRNA biogenesis factors
Weused a functional RNAi screen to test whether identified inter-
actors of the ping-pong partners Ago3 and Piwi5 are involved in
piRNA biogenesis. We selected 25 and 13 proteins specifically
interacting with Ago3 and Piwi5, respectively (Figures S3A–
S3C), using a less stringent one-way ANOVA than the one
used for Figure 1C.
The identified interactors were depleted by double-stranded
RNA (dsRNA)-mediated KD, followed by small RNA Northern
blotting to detect piRNAs produced from endogenous loci (his-
tone H4 mRNA and propiR1) and exogenous viral RNA (SINV).
The endogenous piRNA propiR1 exists as two isoforms of 27
and 30 nt that target a specific long non-coding RNA during early
embryonic development (Betting et al., 2020). In linewith our pre-
vious work, KD of the ping-pong partners Ago3 and Piwi5 re-
sulted in a strong depletion of piRNAs derived from SINV RNA
and histone H4 mRNA (Figures 2A, S3D, and S3E) (Miesen
et al., 2015; Girardi et al., 2017), whereas Piwi5 KD caused a
reduction of the short 27-nt propiR1 isoform that is associated
with Piwi5 (Betting et al., 2020).
KD of multiple Ago3 and Piwi5 interactors resulted in reduced
virus- and host-derived piRNA production (Figures 2A, S3D, and
Figure 1. Somatic Aedes PIWI proteins associate with specific sets of interactors
(A) Schematic overview of the PIWI protein IP/MS approach.
(B) Volcano plots showing interactors of the indicated PIWI proteins in lysates frommock-infected Aag2 cells as determined by label-free quantitativeMS. Dashed
lines indicate threshold values for fold change (FC) and p value. PIWI protein baits are indicated with green dots; significantly enriched orthologs of known
Drosophila piRNA pathway components are indicated in red. Numbers indicate VectorBase gene identifiers without the AAEL prefix; same in (C).
(C) Hierarchical clustering of the relative enrichment (yellow) and depletion (blue) of proteins in individual PIWI protein IPs from mock- and Sindbis virus (SINV)-
infected Aag2 cells. Proteins were selected based on significance in a stringent one-way ANOVA. Subcellular localization (black boxes) of Drosophila orthologs
was based on Gene Ontology (GO) information from FlyBase. Gray boxes indicate proteins for which no Drosophila ortholog was identified.
See also Figures S1 and S2.




S3E), while SINV RNA levels were largely unaffected (Figures
S3F and S3G). Among these was the Atari gene (AAEL008101),
which encodes two splice variants (PB and PC). Interestingly,
reduced piRNA levels were only observed upon KD of the PB iso-
form, while KD of the PC isoform had no effect. Upon closer in-
spection of RNA-sequencing (RNA-seq) data (Halbach et al.,
2020), we found that the PC isoform is not expressed in Aag2
cells (Figure S6I). In contrast to endogenous piRNAs (histone
H4 piRNA and propiR1), SINV piRNAs are produced de novo,
entirely in a setting in which KD has been established. Therefore,
we hypothesize that SINV piRNAs are most sensitive to pertur-
bances of the piRNA biogenesis machinery, and we selected
candidates for validation based on the effect of KD on SINV
piRNA levels.
KD of five genes resulted in reduced SINV piRNA levels in
this validation experiment (Figures 2A and 2B). For three
genes, KD resulted in >50% reduction of SINV piRNA levels
in two independent experiments. These genes encode the Tu-
dor protein Atari-PB and the orthologs of the splicing factor
pasilla (AAEL014965) and the 30–50 exonuclease Rexo5
(AAEL006744) (Figure 2C). As AAEL014965 is a direct 1:1 or-
tholog of the Drosophila gene pasilla (ps), we use the same
name, capitalized, for the mosquito gene throughout this study
(Pasilla, Ps). In addition, KD resulted in a moderate (>25%)
reduction of SINV piRNA levels for the Arm-repeat containing
protein AAEL007631 and AAEL10963, a mosquito ortholog of
the chitinases Cht4 and Cht9.
Atari-PB and Ps are essential for efficient ping-pong
amplification of viral piRNAs (vpiRNAs)
From our RNAi screen, we selected the Ago3 interactor Atari-PB
and Ps for further characterization. To obtain a comprehensive
view on the effects of Atari-PB and Ps KD on small RNA biogen-
esis, we sequenced the small RNAs in the samples used for the
Northern blot of Figure 2C. Before small RNA library preparation,
we verified that gene KD was effective (78% for both genes;
Figure S4A).
In line with previous studies (Miesen et al., 2015, Joosten et al.,
2019, Vodovar et al., 2012, Tassetto et al., 2019), we observed
abundant production of piRNAs from SINV RNA (Figure 3A).
KD of Atari-PB resulted in a 2.8-fold reduction in sense vpiRNAs,
while antisense vpiRNA levels were reduced 2.0-fold (Figures 3B
and 3E). Similarly, KD of Ps caused a 2.5-fold and a 1.7-fold
decrease in sense and antisense vpiRNA levels, respectively
(Figures 3C and 3E). Surprisingly, we observed a slight reduction
of viral siRNA levels upon KD of Atari-PB but not of Ps
(Figure 3D).
The characteristic 1U and 10A nucleotide bias of antisense
and sense piRNAs, respectively, confirms that these piRNAs
are produced through ping-pong amplification (Figure 3F). The
1U/10A nucleotide biases were reduced upon depletion of
both Atari and Ps (Figures 3G and 3H), which is in line with their
strong interactions with Ago3 and Piwi5, the PIWI proteins at the
core of ping-pong amplification in Ae. aegypti (Miesen et al.,
2015; Joosten et al., 2019). KD of Atari-PB and Ps also reduced
A B
C
Figure 2. Identification of piRNA biogenesis
factors by RNAi screen of PIWI interactors
(A) RNAi screen of indicated Ago3 and Piwi5 inter-
actors. Geneswere knocked down in Aag2 cells by
transfection of dsRNA, followed by Sindbis virus
(SINV) infection. piRNA signals from various sub-
strates (SINV vpiRNA, histone H4 piRNA, and pro-
piR1) were quantified and normalized to the rRNA
loading control. Shown is a heatmapof the log2 fold
changes relative to control knockdown (KD; lucif-
erase, Luc). Genes for which KD resulted in >50%
and >25% reduction of the SINV piRNA signal in
two independent experiments are indicated with
red and orange boxes, respectively. Genes that
were not tested in the validation screen are indi-
cated in gray. Northern blots underlying the heat-
map are indicated in Figures S3D and S3E and in
(B).Whereavailable, genesarenamedaccording to
their Drosophila orthologs (an overview of AAEL
gene identifiers and their orthologs is shown in
Figures S3B and S3C). As two orthologs of
Drosophila X11L are included in the KD screen, an
asterisk is used todifferentiatebetween the twoAe.
aegypti paralogs.
(B) Genes for which KD resulted in depletion of
SINV-derived piRNAs in the initial screen were
tested in a second experiment. Ethidium-bromide-
stained rRNA serves as loading control. dsRNA-
targeting luciferase (Luc) and Ago3/Piwi5 were
included as negative and positive controls,
respectively.
(C) Schematic domain structures of validated hits
from the KD screen.
See also Figure S3.




the levels of sense piRNAs from the two retrotransposon families
that account for the majority of transposon piRNAs: Ty3/gypsy







Figure 3. Atari-PB and Pasilla are required
for the production of piRNAs via ping-pong
amplification
(A–C) Size profiles of 18- to 33-nt RNA reads
mapping to the sense (black) and antisense (gray)
strands of the SINV genome in Aag2 cells treated
with dsRNA targeting Firefly luciferase (A, dsLuc),
Atari-PB (B, dsAtari-PB), and Ps (C, dsPs). Bars
indicate the mean and standard deviation of three
independent sequencing libraries. The inset in-
dicates amagnification around piRNA-sized reads
(25–33 nt, dashed box).
(D and E) Normalized read counts of 21-nt siRNAs
(D) and 25- to 30-nt piRNAs (E) mapping to the
SINV genome upon KD of Atari-PB and Ps, or
control KD (dsLuc). Bars indicate the mean and
standard deviation of three independent
sequencing libraries. Two-tailed Student’s t tests
were used to compare differences with the dsLuc
control libraries. *p < 0.05; **p < 0.005.
(F–H) Nucleotide biases at the first 15 positions of
sense (top panels) and antisense (bottom panels)
SINV-derived piRNAs (25–30 nt) in deep-
sequencing libraries from dsLuc-treated (F), dsA-
tari-PB-treated (G), anddsPs-treated (H)Aag2cells.
See also Figure S4.
produced from these families are only
mildly affected, suggesting that ping-
pong amplification, but not piRNA pre-
cursor processing, is affected by KD of
the two genes.
Similarly, production of sense piRNAs
from histone H4 mRNA, which has previ-
ously been shown to depend on ping-
pong amplification (Girardi et al., 2017),
was impeded by KD of Atari-PB (Fig-
ure S4D), while levels of propiR1 and the
Piwi4-dependent piRNA tapiR1 were not
significantly reduced (Figures S4E and
S4F). The fact that mainly sense piRNAs
are affected by KD of Atari-PB and Ps
lends further support to the hypothesis
that these proteins are involved in ping-
pong amplification of piRNAs.
A cytoplasmic variant of the
splicing factor Pasilla is involved in
piRNA biogenesis
As both SINV RNA replication and ping-
pong amplification of piRNAs are thought
to be purely cytoplasmic processes (Jose
et al., 2009; Czech et al., 2018), we were
intrigued by the observation that KD of
the putative nuclear protein Ps reduced
the production of ping-pong-dependent
piRNAs (Figures 2, 3C, 3H, and S4B). Ps was strongly enriched
in Piwi5 IP/MS (72-fold and 54-fold in mock- and SINV-infected
IPs, respectively) while being depleted in Ago3, Piwi4, and Piwi6




IPs (Figure 1B; Table S1). The Drosophila gene ps and its
mammalian ortholog nova encode nuclear RNA-binding proteins
implicated in alternative splicing (Park et al., 2004; Gill et al.,
2017; Jensen et al., 2000).
The Aedes Ps gene encodes numerous isoforms, which pre-
dominantly vary at their N-terminal ends. Only one of these iso-
forms (Ps-PG) contains a nuclear localization signal (Figures S5A
and S5B), suggesting that this isoform is specifically involved in
splicing. Careful evaluation of the peptides recovered in our
Piwi5 IP/MS analyses revealed numerous peptides uniquely
mapping to other Ps isoforms (Figure S5A), indicating that
Piwi5 interacts with putative cytoplasmic Ps isoforms. We used
an antibody for Drosophila ps (Gill et al., 2017) to assess subcel-
lular localization of theAedes Ps proteins. We confirmed that this
antibody is cross-reactive (Figure S5C), in accordance with the
high similarity ofDrosophila ps, especially to the part that is com-
mon to all Aedes Ps isoforms (Figure S5B; 68% identity).
Immunostaining of Aag2 cells with this antibody identified a
strong nuclear signal, along with a much weaker cytoplasmic
signal (Figure 4A). To assess the expression of various Ps iso-
forms, we compared the effect of KD targeting all isoforms simul-
taneously (Ps-PB-PK) with specific KD of the isoform bearing a
nuclear localization signal (Ps-PG; Figure S5D). KD of Ps-PB-
PK strongly reduced both nuclear and cytoplasmic Ps staining
(Figure 4A). In contrast, in cells treated with dsRNA specifically
targeting the Ps-PG isoform, the nuclear signal was virtually ab-
sent, whereas the weaker cytoplasmic signal remained (Figures
4A and 4B). Quantification of nuclear and cytoplasmic Ps signals
confirmed that KD of the Ps-PG isoform predominantly affected





Figure 4. A cytoplasmic variant of Pasilla is required for piRNA biogenesis
(A) Confocal images showing subcellular localization of endogenous Pasilla (Ps) in control Aag2 cells (dsLuc), cells in which all Ps isoforms were depleted (dsPs-
PB-PK), and cells in which the PG isoform was specifically depleted (dsPs-PG). Scale bar, 5 mm.
(B) Enhanced signal of the area denoted by the box indicated in (A). Dashed lines indicate the nuclear and cell membranes, as extrapolated from Hoechst and
actin staining, respectively. Scale bar, 5 mm.
(C) Signal quantification of Ps staining in Aag2 cells treated with indicated dsRNAs (n = 40–46 cells). Cell and nuclear membraneswere extrapolated fromHoechst
and actin staining as indicated in (B), and signal intensity was determined using FIJI (Schindelin et al., 2012).
(D) Northern blot analysis of SINV-derived piRNAs in Aag2 cells treated with dsRNA targeting all Ps isoforms (dsPs-PB-K), the PG isoform specifically (dsPs-PG),
or control dsRNA (dsLuc). Ethidium-bromide-stained rRNA serves as a loading control.
(E) Western blot analysis of GFP IP on lysates from Aag2 cells stably expressing indicated GFP-tagged PIWI proteins. Input, supernatant, wash, and GFP-IP
samples are analyzed with GFP and Pasilla antibodies. A digitally enhanced image is shown to visualize the less abundant60-kDa Ps isoforms in GFP-Piwi5 IP.
As a negative control, the same lysates were incubated with control beads (IP:empty); same for (F).
(F) Input, wash, and GFP IP samples from IPs on lysates from GFP-Piwi5 cells expressing indicated 33 FLAG-tagged transgenic constructs.
See also Figure S5.




PB-PK) affected nuclear and cytoplasmic signal intensity to a
similar extent (Figure 4C). These data indicate that cytoplasmic
isoforms encoded by the Ps gene are, indeed, expressed in
Aag2 cells.
Fractionation of Aag2 cells revealed that, while most of the Ps
protein was present in the nucleoplasm, a significant fraction re-
sides in the cytoplasm (Figure S5E). Expression of transgenes
encoding 33 FLAG-tagged Ps isoforms confirms the nuclear
localization of Ps-PG and the cytoplasmic localization of the
Ps-PF and Ps-PD/PH isoforms (PD and PH are identical isoforms
that are encoded by transcripts that only differ in their 50 UTRs)
(Figure S5F). Moreover, removal of the nuclear localization signal
from Ps-PG displaced the protein from the nucleus (Figure S5F).
Together, these results indicate that a canonical nuclear localiza-
tion signal drives nuclear expression of Ps-PG, whereas other
isoforms are exclusively expressed in the cytoplasm.
We used a KD strategy to assess whether the nuclear PG
isoformor the cytoplasmic isoformsare involved in piRNAbiogen-
esis. Due to the gene structure, it was impossible to target cyto-
plasmic isoforms individually, but it was feasible to design dsRNA
specific for thenuclearPs-PG isoform (FigureS5C).Asshownpre-
viously, KD using dsRNA targeting all Ps isoforms (dsPs-PB-PK)
resulted in a marked reduction of vpiRNA levels (Figure 4D). Spe-
cific KDof Ps-PG, on the other hand, had no effect on the produc-
tion of SINV-derived piRNAs (Figure 4D), indicating that the
nuclear isoform is not involved in piRNA biogenesis.
IP of GFP-Piwi5 copurified Ps isoforms of various sizes,
whereas none of the other GFP-tagged PIWI proteins coprecipi-
tated Ps (Figure 4E). Intriguingly, while the most prominent
isoforms in the input fraction were 60 kDa in size, GFP-Piwi5
predominantly co-precipitated a band of 75 kDa, along with a
lower amount of the smaller (60 kDa) isoforms. Isoforms fitting
the75-kDa size are the PB (71 kDa), PD/PH (77 kDa), and PI-PK
(76 kDa) isoforms (Figure S5A). Accordingly, IP of GFP-Piwi5
from cells expressing 33 FLAG-tagged Ps transgenes resulted
in the coprecipitation of the Ps-PD/PH isoform and, to a lesser
extent, the PG isoform (Figure 4F). Altogether, these data
indicate that a cytoplasmic isoform of the splicing factor Ps as-
sociates specifically with Piwi5 in Ae. aegypti and is required
for ping-pong-dependent piRNA biogenesis.
Atari-PB binds Ago3 independently of arginine
methylation
Atari-PB was strongly enriched in Ago3 IP (Table S1; 59,767-fold
and 17,508-fold in mock- and SINV-infected IPs, respectively)
and was identified as an essential component of ping-pong
amplification in Ae. aegypti (Figures 2 and 3). Interestingly, the
Atari gene encodes two isoforms, each of which encodes two
distinct Tudor domains (Figure S6A). We recovered numerous
peptides that are unique for Atari-PB in our PIWI protein IP/MS
but none that are specific to the PC isoform, confirming
that Atari-PC is not expressed in Aag2 cells (Figure S6I).
RNA-seq data (Akbari et al., 2013) indicated that the two iso-
forms are differentially expressed during mosquito development
(Figure S6I).
To validate the interaction between Atari-PB and Ago3, we ex-
pressed full-length 33 FLAG-tagged Atari-PB (wild-type; WT) as
well as two truncation mutants lacking either of the two Tudor
domains (DTudor 1 and DTudor 2; Figure 5A), followed by IP
and western blot. We confirmed the interaction between full-
length Atari-PB and Ago3 and found that Ago3 interaction is
greatly reduced for the DTudor 1 mutant (Figure 5B). Atari-PB
interaction with Ago3 was abolished altogether in the DTudor2
mutant, which is likely due to its strongly reduced expression
compared to full-length Atari-PB. We further validated the inter-
action between Atari-PB and Ago3 by co-IP of GFP-tagged
Atari-PB (Figure 5C).
The function of Tudor proteins often depends on their ability to
interact with symmetrically dimethylated arginines (sDMAs) on
PIWI proteins (Siomi et al., 2010). Specifically, an aromatic
cage in the Tudor domain is responsible for binding these modi-
fied residues. We aligned the sequences of the Tudor domains of
Atari-PB, alongwith Tudor domains from twoDrosophilaproteins
forwhich crystal structures havebeen solved (Friberg et al., 2009;
Liu et al., 2010) and the C-terminal Tudor domain of Ae. aegypti
Veneno, which has previously been shown tomediate an interac-
tion with Ago3 (Joosten et al., 2019). Residues predicted to be
part of an sDMA-binding aromatic cage are conserved in the
C-terminal, but not theN-terminal, Tudor domainof Atari-PB (Fig-
ureS6B).Changing threeof thepredictedaromatic cage residues
to alanine did not affect copurification of Ago3 (Figure 5D). Taken
together, these data indicate that Atari-PB associates with Ago3
in an sDMA-independent manner. This interaction is mediated
either by the N-terminal Tudor domain alone or through cooper-
ative binding involving both Tudor domains.
Immunofluorescence analysis showed that Atari-PB localizes
to specific cytoplasmic foci together with Ago3 and Piwi5 (Fig-
ure 5E). These foci are bordering, and sometimes partially over-
lapping with, previously described Ven-bodies (Joosten et al.,
2019) (Figure S6C). As such, Ven-bodies and Atari-PB granules
may represent sites of sequential steps in ping-pong amplifica-
tion and piRNA maturation.
Atari-PB provides a scaffold for PIWI proteins and target
RNAs
Previous studies have shown that Tudor proteins provide scaf-
folds for PIWI proteins and their RNA targets, thus promoting effi-
cient piRNA production (Murota et al., 2014; Saxe et al., 2013;
Sato et al., 2015; Webster et al., 2015; Nishida et al., 2009,
2018; Wang et al., 2015; Joosten et al., 2019; Ding et al., 2018;
Pandey et al., 2013; Huang et al., 2011). To assess whether
Atari-PB may represent such a molecular platform for piRNA
maturation, we immunoprecipitated GFP-Atari-PB complexes
from Aag2 cells and generated small (<50 nt) RNA deep-
sequencing libraries. We mapped small RNA reads to trans-
poson sequences and found that, in line with previous studies
(Miesen et al., 2015; Vodovar et al., 2012), the vast majority of
piRNAs (24–30 nt) in the input library are antisense, with small
interfering RNAs (siRNAs) (21 nt) being produced from both
strands (Figure 6A). The pronounced 1U bias of both sense
and antisense piRNAs in the input library suggests that these
piRNAs are mostly precursor-derived initiator and trailer piRNAs
(Figure 6C, left panels).
In contrast, the Atari-PB IP library was strongly enriched for
mature sense-strand-derived piRNAs (9.7-fold enrichment over
input; Figure 6B), reflecting its association with Ago3




(Figure S6D). Antisense piRNAs were not enriched in Atari-PB IP,
and siRNAs were depleted, validating the specificity of our IP.
Moreover, both sense and antisense transposon-mapping piR-
NAs enriched in Atari-PB IP have a strong 10A bias (Figure 6D,
left panels), indicating that this protein predominantly associates
with responder piRNAs produced by ping-pong amplification, in-
dependent of the polarity of the strand from which these piRNAs
are produced. A 10A nucleotide bias on both strands was also
observed in transposon-mapping piRNA populations obtained
from Ago3 IP (Figure S6G), further supporting the fact that
Atari-PB is closely associated with the ping-pong machinery.
Interestingly, Atari-PB IP was also enriched for longer (>31 nt)
transposonmapping reads, both of sense and antisense orienta-
tions (8-fold and 2.5-fold, respectively; Figure 6B, inset). This
enrichment of longer transcripts in Tudor protein IP resembles
previous findings for Tdrd1 in zebrafish (Huang et al., 2011),
and accordingly, we adopted the same terminology to refer to
these longer fragments: Tudor-associated transcripts (TATs).
We speculated that TATs may represent unprocessed target
RNA cleavage fragments, pre-piRNAs in the process of matura-
tion, or both. To test this hypothesis, we first investigated the
nucleotide biases of the Atari-PB-associated TATs. While both
sense and antisense piRNAs enriched in Atari-PB complexes
have a 10A bias (Figure 6D, left), TATs of both polarities are en-
riched for a uridine at their first position (Figure 6D, right), sug-
gesting that these populations are dominated by cognate targets
of Ago3-bound piRNAs. This conclusion is supported by an
enrichment of a 10-nt overlap between Ago3-associated piRNAs
and Atari-PB-associated TATs derived from the opposite strand
(Figure 6E).
Interestingly, however, when analyzing TATs derived from the
same strand as Ago3-bound piRNAs, we observed a strong
enrichment of TATs sharing their 50 end with mature Ago3-bound
piRNAs (Figure 6F), indicating that Atari-PB-associated TATs
also include pre-piRNAs that are destined to be processed into
mature Ago3-associated piRNAs. In contrast, pre-piRNA 50
ends do not show significant overlap with siRNA 50 ends (gray
bars in Figure 6F), indicating that the overlap between pre-piRNA
and piRNA 50 ends does not result from biased processing or the
accessibility of transposon transcripts. Altogether, our data indi-
cate that Atari-PB serves as a scaffold for the PIWI proteins Ago3
and Piwi5 and associated RNA targets, thus promoting efficient
ping-pong amplification.
DISCUSSION
The piRNA pathway has been extensively studied as a defense of
germline genomes against transposons (Ozata et al., 2019;
Czech and Hannon, 2016). The discovery that the piRNA
pathway is also active in somatic tissues in most arthropods
(Lewis et al., 2018), however, suggests that the pathway is
involved in other biological mechanisms as well. For example,
in the vector mosquito Ae. aegypti, the pathway has been impli-




Figure 5. Atari-PB associates with Ago3 in an sDMA-independent manner
(A) Schematic representation of the domain structure of Atari-PB, as predicted by the NCBI Conserved Domain Database (Lu et al., 2020). Indicated in red are the
aromatic cage residues as predicted by multiple sequence alignment (Figure S6B) that were changed to alanine residues in the mutated construct in (D).
(B) Western blot analysis of input and FLAG IP samples from Aag2 cells expressing indicated 33 FLAG-tagged Atari-PB constructs, stained with Ago3, Piwi5,
FLAG, and a-tubulin antibodies. As a negative control, a vector lacking an insert (33 FLAG empty) was transfected; same for (D).
(C) Western blot showing input, supernatant, wash, and GFP IP samples from Aag2 cells expressing GFP-tagged Atari-PB or an empty GFP plasmid, stained with
indicated antibodies. Asterisks indicate a non-specific background band.
(D) Western blot analysis of input and FLAG-IP samples from Aag2 cells expressing 33 FLAG-tagged wild-type (WT) and aromatic cage mutant (YYN-AAA) Atari-
PB, stained with indicated antibodies.
(E) Representative confocal images indicating the subcellular localization of 33 FLAG-tagged Atari-PB and GFP-tagged Ago3 and Piwi5. Hoechst was used to
stain nuclei. Scale bar, 5 mm.
See also Figure S6.




(Miesen et al., 2015; Schnettler et al., 2013; Vodovar et al., 2012;
Morazzani et al., 2012) and immune memory (Tassetto et al.,
2019; Suzuki et al., 2020; Crava et al., 2021) to gene regulation
(Girardi et al., 2017) and embryonic development (Halbach
et al., 2020; Betting et al., 2020). However, knowledge of piRNA
biogenesis and effector mechanisms in Ae. aegypti is limited
(Joosten et al., 2019; Miesen et al., 2015). Therefore, we used
an IP/MS approach to uncover the interactomes of the four so-
matically expressed Ae. aegypti PIWI proteins (Ago3, Piwi4,







Figure 6. Atari-PB provides a scaffold for efficient ping-pong amplification
(A and B) Size distribution of sense (black) and antisense (gray) small RNAs (17–48 nt) mapping to transposon sequences in input (A) andGFP-Atari-PB IP (B) small
RNA libraries. The dashed box defines the area corresponding to 31- to 48-nt small RNAs that is magnified in the inset.
(C and D) Nucleotide biases of the first 15 nt of sense and antisense piRNA-sized reads (24–30 nt, left) and longer reads (31–48 nt, right) mapping to transposons in
the input (C) and GFP-Atari-PB IP (D) datasets.
(E) Top: schematic representation of the overlap between the 50 ends of sense Ago3-bound piRNAs and antisense Atari-PB-associated target RNAs.
Bottom: Red bars indicate the fraction of 50 ends of antisense () Tudor-associated transcripts (TATs) overlapping with Ago3-bound sense (+) piRNAs at indicated
positions relative to piRNA 50 ends on the x axis. As a control, the overlap between antisense transposon mapping reads R31 nt and sense siRNAs in the input
library is indicated in gray. The dashed line indicates the piRNA/siRNA 50 end. When using raw read counts instead of unique start sites, antisense Atari-PB-
associated TATs with 10-nt overlap were identified for 12% of sense piRNAs recovered in Ago3 IP.
(F) Top: schematic representation of the overlap between 50 ends of sense Ago3-bound piRNAs and sense Atari-PB-associated pre-piRNAs. Bottom: red bars
indicate the fraction of 50 ends of Atari-PB-associated sense (+) TATs overlapping with Ago3-associated sense (+) at the indicated positions relative to 50 ends of
piRNAs on the x axis. As a control, the 50–50 end overlap between sense transposon mapping reads R 31 nt and sense siRNAs reads in the input library is
indicated in gray. The dashed line indicates the piRNA/siRNA 50 end. Using raw read counts, 76% of sense Ago3-bound piRNAs share their 50 end with sense
Atari-PB-associated TATs.
In the schematic representations in (E) and (F), TATs are shown in complex with Atari-PB. It must be noted that it is currently unknown whether Atari-PB binds
TATs directly or indirectly.
See also Figure S6.




cofactors of somatic PIWI proteins, two of which we have char-
acterized further in this study.
One of the factors identified is the Tudor protein Atari-PB,
which was highly enriched in Ago3 complexes. The Atari gene
encodes two isoforms, each containing two different Tudor do-
mains. While Atari-PB is abundantly expressed, the C isoform
is not detectable in Aag2 cells. Interestingly, in vivo, the two iso-
forms are expressed at different stages during mosquito devel-
opment. Both isoforms are abundantly expressed in ovaries,
yet while Atari-PB expression is maintained throughout embry-
onic development, Atari-PC expression gradually decreases
and is barely detectable in embryos >24 h after oviposition and
adults. This expression pattern suggests that the two isoforms
may have different functions during embryonic development.
Atari is annotated as one of several putative orthologs of
Drosophila Krimper, which promotes ping-pong amplification
of piRNAs by recruiting Ago3 and Aub. However, while sDMA
modifications are required for Krimper-Aub interaction (Webster
et al., 2015), our data suggest they are dispensable for the asso-
ciation between Atari-PB and Ago3. Furthermore, while Krimper-
bound Ago3 is devoid of piRNAs inDrosophila (Sato et al., 2015),
the strong enrichment of mature sense piRNAs in Atari-PB com-
plexes suggests that Ago3 bound to Atari-PB is loaded with piR-
NAs in Ae. aegypti. These discrepancies suggest that these
genes have evolved different molecular functions in the two spe-
cies, underscoring that caution is warranted when extrapolating
function from mere orthology, especially as the mosquito piRNA
pathway has undergone significant diversification.
Two additional Atari paralogs are expressed in Ae. aegypti:
AAEL009987 and AAEL023919, which are also strongly enriched
in Ago3 IP. KD of these genes had no effect on piRNA biogen-
esis, suggesting that these genes have evolved different func-
tions, that the KD phenotype is masked by redundancy, or that
KD efficiencies were insufficient to uncover a putative effect on
piRNA biogenesis.
Atari-PB also associates with sense (pre)piRNAs and piRNA
targets, suggesting that it serves as a molecular scaffold for
ping-pong amplification and piRNA loading onto Ago3. Similar
roles have been described for Tudor in Drosophila (Nishida
et al., 2009), Tdrd1 in zebrafish (Huang et al., 2011), and Ven-
eno in Aedes (Joosten et al., 2019). Akin to Veneno, Atari-PB
colocalizes with Ago3 and Piwi5 in cytoplasmic granules,
which are in close proximity to, yet not overlapping with,
Ven-bodies, suggesting that these granules are involved in
slightly different biological processes. This close proximity of
Atari-PB- and Ven-containing granules is reminiscent of the
relationship between Yb-bodies, flam-bodies, and nuclear
Dot COM in Drosophila (Murota et al., 2014; Sokolova et al.,
2019; Dennis et al., 2013, 2016). In the somatic follicle cells
that encapsulate the Drosophila egg chamber, piRNA precur-
sors encoded by the flamenco locus move from the nuclear
transit center Dot COM to cytoplasmic flam-bodies, which,
in turn, triggers the recruitment of piRNA processing factors
to adjacent Yb-bodies. It has been suggested that the two
granules represent sites of sequential steps in piRNA biogen-
esis and maturation (Murota et al., 2014). More extensive
microscopy studies visualizing piRNA precursors are required
to evaluate whether piRNA biogenesis is organized in a similar,
sequential fashion between Ven-bodies and Atari-PB-contain-
ing granules in Aedes.
Our interactome analysis uncovered another hitherto unknown
piRNA biogenesis factor: Pasilla. This gene encodes the ortholog
of a nuclear protein involved in splicing inDrosophila (pasilla) (Gill
et al., 2017) and mammals (nova) (Zhang et al., 2010; Jensen
et al., 2000). However, besides a nuclear isoform, the gene en-
codes multiple isoforms that lack a clear nuclear localization
signal. While the KD of all Ps isoforms had a pronounced effect
on piRNA biogenesis, specifically targeting nuclear Ps-PG did
not affect piRNA abundance, indicating that this isoform is not
involved in piRNA biogenesis. Accordingly, cytoplasmic Ps-
PD/PH has a strong interaction with Piwi5, compared to a
weaker association of Piwi5 with Ps-PG. While the exact role
of Ps in piRNA biogenesis remains to be determined, the pres-
ence of two KH domains, which are known RNA-binding do-
mains (Garcı́a-Mayoral et al., 2007), suggests a potential role in
piRNA precursor transport or handover of piRNA intermediates
during piRNA biogenesis.
The IP/MS analysis described here revealed strong interac-
tions with numerous orthologs of piRNA pathway components
in Drosophila, validating our approach. As piRNA 50 ends bind
tightly in the binding pocket in the C-terminal MID-PIWI lobe of
PIWI proteins (Yamaguchi et al., 2020; Matsumoto et al.,
2016), we decided against C-terminal tagging. Moreover,
PIWI proteins tend to have N-terminal unstructured regions
(Matsumoto et al., 2016; Yamaguchi et al., 2020), the flexibility
of which likely limits structural constraints when tagging the
protein at the N terminus. We cannot exclude, however, that
the N-terminal GFP tag used in this study may affect the ability
of PIWI proteins to efficiently interact with select cofactors,
and some interaction partners may thus have been missed.
Indeed, the Tudor protein Veneno, which we have previously
shown to bind Ago3 through sDMA residues (Joosten et al.,
2019), is enriched only 3.4- and 3.6-fold in Ago3 IPs from
mock- and SINV-infected Aag2 cells, respectively (Table S1).
In addition, it should be noted that the IP/MS analyses were
performed using the commonly used Aag2 cell line, which is
derived from Ae. aegypti embryos. The Aag2 genome diverged
from that of adult mosquitoes (Whitfield et al., 2017; Matthews
et al., 2018); therefore, minor differences in cellular processes,
including the piRNA pathway, may exist.
Our KD screen uncovered several additional putative piRNA
biogenesis factors (AAEL006744, 007631, and 010963) that
we did not follow up on in this study. Moreover, KD of several
other genes resulted in reduced piRNA production in the first
KD (AAEL003535, 005289, 006180, 008164, 010502,
017462, 21318, and 024852), but these phenotypes could
not be validated in a second experiment. While they may have
been false-positives in the initial screen, it may also be that the
lack of phenotype in the validation experiment was due to insuf-
ficient KD.
The labor-intensive nature of our screening approach
precludes its use in large-scale screening. Moreover, while
factors involved in post-transcriptional silencing through
ping-pong amplification are readily identified using this KD
approach, PIWI protein interactors involved in other putative
effector mechanisms, such as cotranscriptional silencing, are




unlikely to be uncovered. Further dissection of the molecular
functions of PIWI protein interactors uncovered in this study
requires a sensitive readout for piRNA-mediated silencing,
especially for those factors involved in piRNA-guided effector
complexes that are not part of the ping-pong amplification
machinery.
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Rij (Ronald.vanRij@radboudumc.nl).
Materials availability
Plasmids described in this manuscript are available on request.
Data and code availability
The mass spectrometry proteomics data reported in this paper is PRIDE: PXD021382.
The accession number for the small RNA sequencing data reported in this paper is NCBI Sequence Read Archive: PRJNA664195.
Raw blot image data have been deposited to Mendeley Data: https://doi.org/10.17632/7gn296r48y.1.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cells
Aag2 cells were cultured at 25C in Leibovitz’s L-15 medium (Invitrogen) supplemented with 10% fetal bovine serum (GIBCO), 50 U/
ml Penicillin, 50 mg/mL Streptomycin (Invitrogen), 1x Non-essential Amino Acids (Invitrogen) and 2% Tryptose phosphate broth so-
lution (Sigma). Cells were split 1:3 – 1:5 twice-weekly depending on confluency. Aag2 cells are a commonly used non-clonal cell line
derived from whole homogenized Ae. aegypti embryos (Lan and Fallon, 1990; Peleg, 1968) that express all somatic PIWI proteins:
Ago3, Piwi4, Piwi5 and Piwi6 (Vodovar et al., 2012; Joosten et al., 2019). The sex of Aag2 cells is unspecified. Cells were regularly
tested for mycoplasma contamination. The cell line was kindly gifted by R. Andino (UCSF).
Viruses
Recombinant Sindbis viruses SINV pTE302J (Hahn et al., 1992) and SINV pTE302J-GFP (Saleh et al., 2009) were used for MS/IP and
dsRNA-mediated knockdown experiments, respectively. To grow these viruses, in vitro transcribed RNA from plasmids encoding
infectious cDNA was transfected into BHK-21 cells, which were grown in DMEM medium (Invitrogen) supplemented with 10% fetal
bovine serum (GIBCO), 50 U/ml Penicillin and 50 mg/mL Streptomycin (Invitrogen), and maintained at 37C in 5% CO2. 36-48 hours
after transfection, medium was harvested, stored at 80C. Virus titers were determined by plaque assay on BHK-21 cells.
METHOD DETAILS
Cloning of GFP-V5-3 3 flag-PIWI-2A PURO constructs
An insect expression vector was generated, based on pAc5.1 (Invitrogen) in which the actin promoter was replaced by theAe. aegypti
pPUBpromoter (Anderson et al., 2010), followed by the introduction of amultiple cloning site containing restriction sites for SbfI, XhoI,
NotI enzymes, the sequence encoding the F2A self-cleaving peptide (from foot-and-mouth disease virus) and a Puromycin selection
cassette (pPUB-MCS1-2A-Puro).
Subsequently, cDNA encoding V5-3xflag tagged PIWI proteins was amplified from expression vectors described in (Miesen et al.,
2015) using Phusion High-Fidelity DNA Polymerase (NEB). Amplicons and the pPUB-MCS1-2A-Puro expression vector were then
digested using SbfI and NotI, purified and ligation was performed using T4 Ligase. The vector encoding V5-3 3 flag tagged Ago3
was used to generate the stable cell line that was used for the immunoprecipitation and analysis of Atari-PB associated RNAs. To
generate the vectors used to generate Aag2 cell lines stably expressing GFP-tagged PIWI proteins, the GFP sequence was intro-
duced using the SbfI site.
Cloning of Atari-PB and Pasilla expression vectors
Atari-PB and Pasilla (isoforms PD/PH, PF, and PG) cDNA was amplified from Aag2 cells with CloneAmp HiFi PCR Premix (Takara
Bio), using primers that introduced a 15 nt overlapping sequence with the Gateway pDONR/Zeo Vector PCR product (Thermo
Fischer). In-Fusion Cloning (Takara Bio) was then used to generate the pDONR/Zeo-Atari-PB and pDONR/Zeo-Ps-DH/F/G vectors.
Subsequently, Gateway Cloning (Thermo Fisher) was used to introduce the Atari-PB and Ps sequences into the pU3FW expression
vector, which was generated by replacing the GFP tag from pUGW (Joosten et al., 2019) with a 3 3 flag tag.
To generate the DTudor 1 and DTudor 2 deletion mutants, the pU3FW-Atari-PB vector was amplified using primers listed in Table
S3. Subsequently, In-Fusion Cloning was used to circularize the expression vectors. Similarly, In-Fusion Cloning was used for site-
directed mutagenesis, to generate the Atari-PB YYN-AAA mutant, using primers listed in Table S3.
Cloning of the pUG3FP8H-Atari-PB vector for RNA-IP
An expression vector expressing GFP-33 flag tagged Veneno was generated using In-Fusion cloning after amplifying the pUGWVen
vector (Joosten et al., 2019) and 3 3 flag tag. Subsequently, a PreScission protease cleavage site and 8 3 His tag were added to




create pUG3FP8H-Ven, by amplifying pUG3FW-Ven using primers listed in Table S3, followed by restriction digestion using XhoI and
ligation using T4 DNA Ligase.
Subsequently, In-Fusion cloningwas used to replace the Ven sequence by Atari-PB cDNA. The resulting pUG3FP8H-Atari-PB vec-
tor was used for preparation of the Atari-PB IP library. All primer sequences used for cloning are listed in Table S3.
Generation of stable cell lines and cell culture
For generation of cell lines stably expressing GFP-tagged PIWI proteins, 10 mg of the pPUb-GFP-V5-33 flag-PIWI-2A-Puro plasmids
described above were transfected into Aag2 cells seeded in two wells of a 6-well plate, using 10 mL X-tremeGENE HP DNA Trans-
fection Reagent (Roche). Puromycin selection was started approximately 24 hr after transfection at 1 mg/mL, and maintained for the
remainder of stable cell line culture. After4weeks of selection, GFP-expression was validated by fluorescence imaging andwestern
blotting.
Subcellular fractionation
For the fractionation shown in Figure S1C, SINV- and mock-infected Aag2 cells were grown to 90%–100% confluency in 75 cm2 cell
culture flasks (Sigma-Aldrich), resuspended and lysed in cytoplasmic lysis buffer (25 mMTris-HCl, pH 7.5, 50mMNaCl, 2 mMEDTA,
0.5%NP-40, 1x cOmplete Protease Inhibitors (Roche)) 48 hr post infection. The lysate was incubated at 4C for 10minwith end-over-
end rotation, before centrifugation at 96003 g, 4C for 10 min. An equal volume of 23 SDS sample buffer (120mM Tris-HCl (pH 6.8),
4% SDS, 10% b-mercaptoethanol, 20% glycerol, 0.04% bromophenol blue) was added to the supernatant containing the cyto-
plasmic fraction. The nuclear pellet was washed two times in cytoplasmic lysis buffer, before lysing it in 2 3 SDS sample buffer.
Both cytoplasmic and nuclear fractions were heated at 95C for 10min. After this incubation, the nuclear fraction was diluted by addi-
tion of an equal volume cytoplasmic lysis buffer. Lysate derived from an equal number of cells was loaded on the gel for western blot
analysis.
For the separation of cytoplasmic, nucleoplasmic and chromatin-associated fractions shown in Figure S5E, five pellet volumes of
cold buffer A (10 mM HEPES KOH (pH 7.9), 1.5 mM MgCl2, 10 mM KCl) were added to Aag2 cell pellets. Cells were resuspended,
incubated on ice for 10 minutes and centrifuged for 5 minutes at 5003 g, 4C. Subsequently, two pellet volumes of buffer A supple-
mented with 0.15% NP-40 and 1x cOmplete Protease Inhibitors (Roche) were added and cells were lysed using a Dounce homog-
enizer. Subsequently, the cell suspension was centrifuged for 15 minutes at 3000 3 g, 4C. The supernatant containing the
cytoplasmic extract was transferred to a new Eppendorf tube, and the nuclear pellet was washed with PBS to remove traces of cyto-
plasmic material. Pellets were lysed in two pellet volumes buffer B (420 mM NaCl, 20 mM HEPES KOH pH 7.9, 20% glycerol, 2 mM
MgCl2, 0.2 mMEDTA, 0.1%NP-40, 0.5 mMDTT, cOmplete Protease Inhibitors (Roche)) and incubated under rotation for one hour at
4C. Both the cytoplasmic and nuclear fractions were centrifuged for 30minutes at 96003 g, 4C to clear the lysates. After taking the
supernatants, and equal volume of 23 SDS sample buffer was added. To the cytoplasmic fraction, glycerol and NaCl were added to
final concentrations of 10% and 150mM, respectively. To release chromatin-associated proteins, the pellet from the nuclear lysate
was incubated with 2 mL DNaseI (Ambion) for 10 minutes at 37C. Afterward, an equal amount of 23 SDS sample buffer was added.
All protein samples were incubated at 95C for 10 minutes before loading the protein on gel.
Western blotting
Western blotting was performed as described previously (Joosten et al., 2019). Antibodies were the following: rabbit-Ago3, rabbit-
Piwi4, rabbit-Piwi5, rabbit-Piwi6 (1:500, all generated in our laboratory (Joosten et al., 2019; Halbach et al., 2020)), rat-tubulin-a
(1:1000, Bio-Rad,MCA77G, RRID: AB_325003), rabbit-GFP (1:10,000, kind gift fromdr. van Kuppeveld, Universiteit Utrecht (Wessels
et al., 2006)), rat-GFP (1:1000, Chromotek, 3H9, RRID:AB_10773374), mouse-V5 (Thermo Fisher R960-25, RRID:AB_2556564),
mouse-H3K9me2 (1:1000, Abcam, ab1220, RRID:AB_449854), mouse-flag (1:1000, Sigma, F1804, RRID: AB_262044), rabbit-pasilla
(1:2000, kindly gifted by dr. Si, Stowers Institute for Medical Research). Secondary antibodies were goat-anti-rabbit-IRdye800 [Li-
Cor; 926-32211, RRID: AB_621843], goat-anti-rabbit-IRdye680 [Li-Cor; 926-68071, RRID: AB_10956166] goat-anti-mouse-IR-
dye680 [926-68070, RRID: AB_10956588] and goat-anti-rat-IRdye680 [926-68076, RRID: AB_10956590] (all secondary antibodies
were used at a 1:10,000 dilution). Uncropped western blot membranes have been deposited in Supplemental dataset 1 in Mendeley
Data (https://doi.org/10.17632/7gn296r48y.1).
Immunoprecipitation of PIWI proteins for interactome analysis
Per sample, approximately 43 108 cells were seeded and where indicated infected with Sindbis virus (pTE302J (Hahn et al., 1992)) at
a multiplicity of infection of 0.1. Three days after infection, cells were collected and washed with ice cold PBS. After centrifugation for
5 min at 1003 g, PBS was removed and cells were lysed in 3 pellet volumes lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mMNaCl, 1%
IGEPAL CA-630 (Sigma), 0.5 mMDTT, 10% glycerol, 1x cOmplete Protease Inhibitor Cocktail (Roche)). Lysates were incubated for 1
hour at 4C with end-over-end rotation and centrifuged for 30 minutes at 18,0003 g at 4C. An aliquot of the supernatant was taken
for protein concentration determination using Bradford protein assay (Thermo Fischer), and the remaining supernatants were snap
frozen in liquid nitrogen and stored at 80C for later use.
Lysateswere thawed on ice and 4mg of each lysate was taken for immunoprecipitation (IP). To disrupt DNA-mediated interactions,
50 mg/ml ethidium bromide was added to each sample, before subjecting them to GFP-affinity purification using 7.5 mL GFP-TRAP




beads (Chromotek) for 2 hr at 4C. Beads were washed two times using lysis buffer, two times using PBS containing 1% IGEPAL CA-
630 and three times using PBS, followed by on-bead trypsin digestion as described previously (Smits et al., 2013).
Mass spectrometry and data processing
After on-bead digestion, tryptic peptides were acidified and desalted using Stagetips (Rappsilber et al., 2007) and eluted. Peptides
were analyzed using reverse phase chromatography on an EASY-nLC 1000 (Thermo Scientific) coupled online with an Orbitrap
Fusion Tribrid mass spectrometer (Thermo Scientific). MS and MS2 data were recorded using TOP10 data-dependent acquisition
during a 140-minute gradient of increasing acetonitrile concentration. Raw data files were analyzed using Maxquant version
1.5.1.0. using standard recommended settings (Cox and Mann, 2008). LFQ, IBAQ and match between runs were enabled. Data
were mapped to the Ae. aegypti AaegL5.2 proteome downloaded from VectorBase (https://www.vectorbase.org/vectorbase/app)
and further processed using Perseus version 1.3.0.4 (Tyanova et al., 2016). In short, identified proteins were filtered for contaminants
and reverse hits. LFQ-valueswere subsequently log2-transformed. Sampleswere divided into triplicates and filtered to have at least 3
valid values in one group of replicates. Missing values were imputed assuming a normal distribution. The mass spectrometry prote-
omics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository
with the dataset identifier PXD021382.
Ortholog identification and GO-term analysis
Drosophila orthologs of selected interactors were extracted from the BioMart tool included in VectorBase (https://vectorbase.org/
vectorbase/app). In cases where no ortholog was annotated in BioMart, orthologs were determined using the Blastp tool incorpo-
rated in FlyBase (https://flybase.org). Surprisingly, in some cases, the Drosophila ortholog annotated in VectorBase did not match
the Ae. aegypti ortholog annotated in FlyBase. In those cases, Drosophila orthologs of mosquito genes as annotated in VectorBase
were presented. As gene ontology (GO) term annotation in the STRING-database (https://string-db.org) is incomplete, the list shown
in Figure 1 was manually curated using information about subcellular localization from FlyBase.
dsRNA production
For the generation of gene-specific dsRNA, 400-500 bp sequences from indicated genes were amplified using GoTaq Flexi DNA Po-
lymerase (Promega), introducing a universal tag at both the 50 and 30 ends. This tag was then used to introduce the T7-promoter
sequence at either end of the amplicon in a second PCR reaction. The resulting PCR products were used as template for in vitro tran-
scription using T7 RNA polymerase for 4 hr at 37C. Afterward, the reaction products were heated at 95C for 10 minutes and cooled
gradually to room temperature to promote the annealing of dsRNA. Subsequently, RNA was purified using the GenElute Mammalian
Total RNAMiniprep Kit (Sigma), quantified using the Nanodrop-1000 Spectrophotometer (Thermo Fisher) and diluted to 100 ng/mL for
later use. Primers used for dsRNA production are listed in Table S3.
dsRNA mediated gene knockdown
For knockdown of Piwi5-associated factors (Figure 2B), approximately 2.03 105 Aag2 cells/well were seeded in 24-wells plates and
allowed to attach for 16-24 hr. Subsequently, 150 ng dsRNA/well was transfected using 0.4 mL X-tremeGENE HP DNA Transfection
Reagent (Roche) per 100 ng dsRNA. Three hr after transfection, medium was refreshed with supplemented Leibovitz’s medium. This
knockdown was repeated 48 hr later, after which cells were infected with a recombinant Sindbis virus (SINV pTE302J-GFP (Saleh
et al., 2009)) at a multiplicity of infection of 1. Cells were lysed in RNA-Solv Reagent (Omega) 48 hr after infection and RNA was iso-
lated using organic extraction and isopropanol precipitation.
For knockdown of Ago3-associated factors (Figure 2A) and the validation knockdown (Figure 2C), cells were seeded on top of
transfection mixes containing 150 ng dsRNA/well and allowed to attach for 3 hr before refreshing the medium with supplemented
Leibovitz’s medium. The remainder of the experiments was performed as described above, i.e., a triple knockdown was
performed.
RT-qPCR
After assessing RNA integrity on agarose gels, 400 ng - 1 mgRNAwas treatedwith DNaseI (Ambion) for 45min at 37C. Subsequently,
EDTA was added to a final concentration of 2.5 mM, and the reaction was incubated for 10 min at 75C. RNA was then reverse tran-
scribed using the Taqman reverse transcription kit (Applied Biosystems), and SYBR-green qPCR was performed using the GoTaq
qPCR system (Promega) according to manufacturer’s recommendations. Target gene expression levels were normalized to the
expression of the housekeeping gene lysosomal aspartic protease (LAP) and fold changes were calculated using the using the
2(-DDCT) method (Livak and Schmittgen, 2001). RT-qPCR primers are listed in Table S3.
Small RNA Northern blotting
Total RNA (Ago3-associated factors – Figure S3D: 6 mg; Piwi5-associated factors – Figure S3E: 3.6 mg; Validation experiment – Fig-
ure 2B: 8 mg) was diluted in 2x loading buffer (93.7% formamide, 18 mM EDTA, 0.025% SDS, 0.025% Xylene Cyanol, 0.025% Bro-
mophenol Blue) and size separated on 7 M Urea, 15% polyacrylamide, 0.5x TBE gels. Subsequently, RNA was blotted onto
Hybond Nx nylon membranes (GE Healthcare) and crosslinked using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride.




Membranes were prehybridized in ULTRAhyb Oligo hybridization buffer (Invitrogen) for 30 minutes at 42C. Radiolabeled DNA
probes (listed in Table S3) were added directly to the hybridization buffer and allowed to hybridize overnight at 42C. After hybrid-
ization, membranes were washed three times in the following wash buffers: wash (i), 0.1% SDS, 2x SSC; wash (ii), 0.1% SDS, 1x
SSC; wash (iii), 0.1% SDS, 0.1x SSC. Uncropped Northern blot membranes have been deposited in Supplemental dataset 1 in Men-
deley Data (https://doi.org/10.17632/7gn296r48y.1).
Small RNA deep sequencing library prep
For the generation of small RNA deep sequencing libraries, 1 mg RNAwas processed using the NEBNext Small RNA Library Prep Set
for Illumina (New England Biolabs) according to themanufacturer’s instructions. The ligation of the 30 adaptor was performed at 16C
for 18 hr, to enhance ligation to 20-O-methylated ends. Sequencing was performed on an Illumina Hiseq4000 machine by the Ge-
nomEast Platform (Strasbourg, France). Small RNA deep sequencing libraries generated using PIWI protein immunoprecipitates
from uninfected Aag2 cells were processed in parallel with the PIWI-IP libraries from SINV-infected Aag2 cells, described in (Joosten
et al., 2019)
sRNA deep sequencing analyses
Image analyses and base calling was performed using RTA 2.7.3 and bcl2fastq, respectively. All subsequent manipulations and an-
alyses were performed in Galaxy (Jalili et al., 2020). To begin, 30 sequencing adaptor were clipped from sequencing reads using the
FASTX Clip adaptor software. Subsequently, clipped reads were mapped onto the Sindbis virus genome, as well as to transposable
element sequences as annotated in TEFAM (https://github.com/RebeccaHalbach/Halbach_tapiR_2020/blob/master/Data/TEfam.
fa; Nene et al., 2007) and Ae. aegypti transcripts (downloaded from vectorbase.org on 25-08-2020), using Bowtie2 allowing a single
mismatch (Langmead and Salzberg, 2012). Read counts were normalized to the numbers of reads mapping to published pre-miRNA
sequences as deposited in miRBase v.21 (http://mirbase.org/ (Kozomara et al., 2019); downloaded on 10-12-2019) without allowing
mismatches. Size profiles of mapped readswere generated and counts of siRNAs (21 nt) and piRNAs (25-30 nt) mapping to the sense
and antisense strands of indicated substrates were plotted. Sequence logos were generated using the WebLogo tool available in
Galaxy (Crooks et al., 2004). Sequence data have been deposited in the NCBI Sequence Read Archive under SRA accession
PRJNA664195.
GFP-Atari-PB IP and sequencing of associated RNAs
The plasmid pUG3FP8H-Atari-PB was transfected into approximately 13 108 Aag2 cells stably expressing V5-33 flag tagged Ago3
using X-tremeGENE HP DNA Transfection Reagent (Roche), according to the manufacturer’s instructions. 48 hr post transfection,
cells were lysed in 1 mL lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Igepal CA-630 [Sigma], 10% Glyc-
erol, 1x cOmplete Protease Inhibitor [Roche], 1 mM PMSF). The lysates were incubated for 1 hour at 4C with end-over-end rotation
and subsequently centrifuged at 15,000 3 g, 4C for 30 minutes. The supernatant was frozen in liquid nitrogen for later use.
After thawing the lysate on ice, 20 mL protein and RNA input samples were taken. RNA was extracted using the organic extraction
method described above, while the protein samples were denatured by adding and equal volume 2 3 sample buffer (120 mM Tris-
HCl pH 6.8, 20% glycerol, 4% SDS, 0.04% bromophenol blue, 10% b-mercaptoethanol) followed by incubation for 10 minutes at
95C. The remaining lysate was incubated with 30 mL equilibrated GFP-TRAP beads (Chromotek) for 3 hr at 4C with end-over-
end rotations. Afterward, beads were washed three times with wash buffer I (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 1x cOmplete Protease Inhibitor [Roche], 1 mM PMSF) and three times with wash buffer II (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 0.1% Igepal CA-630 [Sigma], 1 mM DTT). Protein was extracted by boiling the beads in 2 3 sample buffer as
described above. RNA was extracted from beads using 200 mg proteinase K in 400 mL proteinase K buffer (50 mM Tris-HCl pH
7.8, 50 mMNaCl, 5 mM EDTA, 0.1% Igepal CA-630 [Sigma], 1% SDS, 10 mM imidazole, 5 mM b-mercaptoethanol) in a thermomixer
at 55C, 1400 rpm for 2 hr. Subsequently, RNA was purified using phenol/chloroform organic extraction followed by ethanol
precipitation.
Small (15-50 nt) RNA deep sequencing libraries were prepared using the NEBNext Small RNA Library Prep Set for Illumina (E7560,
New England Biolabs) and deep sequenced using Illumina technology. For input RNA samples, 1 mg total RNA was used, while all
extracted RNA (75 ng) was used for the GFP-Atari-PB IP library. To enhance the recovery of 20-O-methylated (pre-)piRNAs, the
30 adaptor was ligated for 18 hr at 16C. The remainder of the library prep was performed according to the manufacturer’s recom-
mendations. Libraries were sequenced on an Illumina Hiseq4000 machine by the GenomEast Platform (Strasbourg, France).
Sequence data have been deposited in the NCBI Sequence Read Archive under SRA accession PRJNA664195.
Analysis of overlap of (pre-)piRNA ends
RTA 2.7.3 and bcl2fastq were used for image analysis and base calling and initial quality control was performed using FastQC. All
subsequent analyses were performed in Galaxy (Jalili et al., 2020). First, 30 adaptor sequenceswere clipped from the small RNA reads
using the FASTX Clip adaptor software. Subsequently, reads were mapped onto transposable element consensus sequences as ex-
tracted from TEfam (Nene et al., 2007) using Bowtie2, allowing 1mismatch. Subsequently, data were filtered by strandedness (sense
versus antisense) and size (siRNAs, 21 nt; piRNAs, 24-30 nt; pre-piRNAs, 31-48 nt).




Lowly abundant small RNAs were excluded from the analyses of 50 end overlaps to reduce the amount of noise by applying the
following thresholds: siRNAs: R 3 reads per 106 miRNAs, piRNAs: R 7 per 106 miRNAs, pre-piRNAs R 2 per 106 miRNAs. The re-
maining reads were then collapsed into single unique start sites. The 50 end overlap of unique small RNA start sites was evaluated
using the ClosestBed function in Galaxy (Quinlan and Hall, 2010), reporting the 12 closest hits for TAT – piRNA/siRNA pairs. 50 to 50
end distances were plotted as percentage of all evaluated unique start sites.
Multiple sequence alignment
Tudor domain sequences from Atari-PB were aligned with those of theDrosophila proteins Tudor (P25823; (Liu et al., 2010)) and TSN
(Q9W0S7; (Friberg et al., 2009), and Aedes Veneno (Joosten et al., 2019). The domains were aligned using T-coffee (http://tcoffee.
crg.cat/) and visualized using Jalview 2.11.1.0 (Waterhouse et al., 2009). The brown/yellow shading indicates conservation of phys-
icochemical properties at each position, based on the analysis of multiply aligned sequences (AMAS) method (Livingstone and Bar-
ton, 1993), incorporated in Jalview. The residues responsible for the recognition of symmetrically demethylated arginines (sDMAs) by
TSN and Tudor were identified from their respective crystal structures (Friberg et al., 2009; Liu et al., 2010). The same approach was
used for alignment of the full sequences of Aedes Ps-PG (A0A6I8TQ95) and Drosophila ps RM/RK transcripts (Q0KI96).
Immunofluorescence and confocal imaging
Approximately 5 3 105 Aag2 cells were seeded on coverslips in 24-wells plates. In case of overexpression of transgenes, 1 mg
plasmid DNA was transfected using 1 mL X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer’s in-
structions16 hr after cell seeding. In case of knockdown experiments, the same triple dsRNA transfection procedure as described
for the knockdown screen was followed. Subsequently, cells were washed once with PBS and fixed using 4% paraformaldehyde for
10 minutes. Cells were permeabilized in 0.25% Triton X-100 in PBS for 10 minutes, followed by three PBS washes. Then, cells were
blocked in 10% normal goat serum (NGS), 0.3 M Glycine, 0.1% Tween in PBS for 30 minutes before incubation with primary anti-
bodies, diluted in 10% NGS, 0.1% Tween in PBS for 1 hr. Cells were washed three times with PBS and incubated with secondary
antibodies for 1 hr. After three PBS washes, nuclei were stained using Hoechst reagent (1 mg/mL), washed twice with PBS and twice
with water, before mounting the slides in Mowiol. The entire staining procedure was performed at room temperature, and coverslips
were kept in the dark from the time of secondary antibody staining onward. Slides were stored at 4C until imaging. Antibodies were
all diluted 1:200: rb-pasilla (kind gift from by dr. Si, Stowers Institute for Medical Research), ms-actin (Sigma, A5441, RRID:
AB_476744), ms-flag (Sigma, F1804, RRID: AB_262044), goat-anti-rabbit 594 (Invitrogen, A11012, RRID: AB_141359), goat-anti-
mouse 488 (Invitrogen, A11001, RRID: AB_2534069). Confocal images were taken using the Zeiss LSM900microscope and analyzed
using ImageJ (Rueden et al., 2017).
QUANTIFICATION AND STATISTICAL ANALYSIS
Mass spectrometry datawere analyzed using Perseus version 1.3.0.4 andR. The output of t tests performedwith default settingswas
used to generate the volcano plots shown in Figures 1B and S2A using R, with a custom script described in (Kloet et al., 2016).
To generate the heatmap shown in Figure 1C, a stringent one-way ANOVA was performed using the following settings (threshold
value = 0.00001, S0 = 2 with Benjamini-Hochberg correction). All data were normalized and plotted as fold change relative to the
average of mock-infected control IPs. Proteins that were depleted in all PIWI protein IPs, as well as viral proteins, were manually
removed before generating the heatmap using MultiExperiment Viewer (MeV 4.9.0, http://mev.tm4.org/).
To identify a larger set of proteins enriched in specific PIWI IPs to include in the knockdown screen, a second, less stringent one-
way ANOVA (threshold value = 0.001, S0 = 2 with Benjamini-Hochberg correction) was performed and processed as described
above (the resulting dataset is summarized in Table S2).
Two-tailed Student’s t tests were used to test for significant differences in RT-qPCR and small RNA deep sequencing data, with *
p < 0.05; ** p < 0.005 and *** p < 0.0005).
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